
PAPER

Application of time–frequency analysis to somatosensory
evoked potential for intraoperative spinal cord
monitoring
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Objective: To investigate the improvement in the reliability of intraoperative spinal cord monitoring by
applying time–frequency analysis to somatosensory evoked potentials (SEP).
Methods: 34 patients undergoing scoliosis surgery were studied. SEP were recorded during different
stages of scoliosis surgery. Averaged SEP signals were analysed intraoperatively by short time Fourier
transform (STFT). The time–frequency characteristics of SEP were observed during surgery. The main
peak in the time–frequency interpretation of SEP was measured in peak time, peak frequency, and
peak power. The changes in these variables were compared with the changes in latency and ampli-
tude during different surgical stages.
Results: During different surgical stages, changes in peak times and peak powers were found to cor-
relate with the changes in latency and amplitude, respectively. Peak time showed more variability than
latency (p < 0.01), while peak power showed less variability than amplitude (p < 0.01). The peak fre-
quency of SEP appeared to be unchanged during surgery. SEP signals were found to have specific
time–frequency characteristics, with the time–frequency distribution of the signals being located in a
particular time–frequency space.
Conclusions: Time–frequency analysis of SEP waveforms reveals stable and easily identifiable charac-
teristics. Peak power is recommended as a more reliable monitoring parameter than amplitude, while
peak time monitoring was not superior to latency measurement. Applying time–frequency analysis to
SEP can improve the reliability of intraoperative spinal cord monitoring.

Spinal surgery is an effective way of correcting deformities

of the spine, but also entails the risk of damage to the

spinal cord. The use of spinal cord monitoring can mini-

mise such risks and has become a widely used technique in

conjunction with spinal surgery.1 Previous studies have shown

that changes in somatosensory evoked potential (SEP) can

indicate neurological deficits in the spinal cord.2 3 Intraopera-

tive SEP monitoring can therefore provide routine monitoring

of the functional status of the cord. The technique has become

one of the most popular clinical tools in identifying

impairment of the cord during spinal surgery.2

Current SEP monitoring techniques measure the amplitude

and latency of the waveform to quantify any changes in SEP

and to detect injury to the spinal cord. This monitoring proce-

dure is based on time domain detection. However, SEP signals

recorded in the operating theatre are usually accompanied by

noise,2 which increases signal variability, makes peak identifi-

cation difficult, and often precludes accurate latency and

amplitude measurements.3 4

Frequency analysis can simplify the understanding of the

waveform. Ryan and Britt5 applied fast Fourier transform

(FFT) analysis to intraoperative SEP monitoring and found

that the power spectra of the SEPs remained stable during

surgery. Previous studies5–9 have proved that deficits in spinal

cord function cause localised changes (that is, changes occur-

ring at various time instances or delays) in the morphology

and therefore in the spectrum of the SEP waveform,7 suggest-

ing that the frequency (or spectral) changes occurring in the

SEP may be an important indicator of spinal cord injury.8 9

However, the main disadvantage of power spectra is the loss of

time information. In order to obtain information on the signal

energy at a specific time as well as frequency, time–frequency

analysis methods must be used.

Time–frequency analysis can provide both temporal and

spectral information on the SEP waveform, which allows

computation of parameters in the combined time and

frequency domain.9 10 Time–frequency analysis of SEP wave-

forms could therefore provide an improved technique for

detecting neurological injury. Previous experimental studies

have suggested the value of time–frequency analysis in

detecting spinal cord injury, and have shown that it may be a

good method for analysing the SEP waveform.7 9 However, the

application of time–frequency analysis to intraoperative SEP

monitoring has not yet been reported.

Our aim in this study was to apply time–frequency analysis to

SEP signals recorded during surgery to investigate their role in

improving the reliability of intraoperative spinal cord monitor-

ing. We observed the time–frequency distribution of SEP signals

during surgery and measured variables in both time domain

and time–frequency domain that may be used as diagnostic

indicators of injury. The changes in time–frequency analysis

indiced at different surgical stages were examined, and the

value of time–frequency analysis during SEP monitoring in

clinical practice was evaluated by comparison with conventional

peak latency–amplitude analysis techniques.

METHODS
Thirty four patients undergoing scoliosis surgery were

included in the study (27 female and seven male). Their age

ranged from 11 to 19 years (mean 15 years).

All patients received general anaesthesia, induced by

thiopentone (thiopental) (0.4 mg/kg) or fentanyl (1–2 µg/kg).
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Isoflurane (0.5–0.8%) and nitrous oxide/oxygen (typically

60:40%) were used to maintain the anaesthesia. None of the

patients had any neurological deficit before, immediately

after, or at the two months assessment following the surgery.

To elicit SEP, a pair of stimulating electrodes was applied

over the posterior tibial nerve behind the medial malleoli, with

constant current stimulation in the range of 10 to 30 mA. Sin-

gle pulse stimulation with a frequency between 5.1 and 5.7 Hz

and a duration of 300 µs was applied. The SEP signals were

collected over Cz′ (2 cm posterior to Cz, 10-20 international

system of EEG electrode placement), and Cv (on the cervical

spine over the C2 process), versus the Fz of the 10-20 system,

using subcutaneous needle electrodes.

An intraoperative spinal cord monitoring system (Nicolet

Viking IV, Nicolet Biomedical, Madison, Wisconsin, USA) was

employed to record the responses, with noise reduction

achieved using a 20–3000 Hz bandpass filter and automatic

artefact rejection. The sweep time of SEP recording was 100

ms. Continuous averaging was used, with 100 times averag-

ing. The initial negative and positive waves were identified in

the SEP tracings. Averaged SEP signals were then analysed

intraoperatively on a personal computer (IBM 380XD) using

Labview 5.0 software. During surgery, surface electric stimula-

tion was applied to the posterior tibial nerve on both sides. The

averaged SEP were measured alternately during left or right

sided stimulation every 15 to 20 minutes during non-critical

procedures such as incision, and continuously during critical

surgical procedures or if abnormal SEP occurred.

Our previous study showed that short time Fourier

transform (STFT) time–frequency analysis is the best algo-

rithm for time–frequency analysis of SEP signals.11 This

method breaks up the signal into small time intervals and uses

Fourier analysis on each time interval. For a recorded SEP sig-

nal s(t), the STFT spectrogram is defined by the following

equation:

where w(n) is the window function, ∆t denotes the time sam-

pling interval, and N is the block length of the window func-

tion. In this study, a 20 points length Hanning window was

used.

To compare the intervariability of SEP, both conventional

amplitude/latency and time–frequency analysis parameters

on the following surgical stages12 were analysed:

• Preoperation: once the patient had been anaesthetised and

positioned on the operation table, the baseline was taken.

• Spine exposure: the second SEP was recorded when the

muscle and soft tissues were stripped and the spine was

exposed.

• Instrumentation loading: when the instrumentation—such

as hooks, wires, or screws—was inserted. SEP was

monitored continuously during this stage. The most repro-

ducible response by visual interpretation of amplitude/

latency evaluation was used for analysis.

• Deformity correction: this is the stage when the deformity

was corrected by rod rotation, compression, distraction, or

tightening of sublaminar wires. Spinal monitoring was

again done continuously and the most reproducible

response was included for analysis.

• Wound closure: the stage when the wound was closed.

The latency and amplitude were measured from the SEP

waveforms in the time domain, and the mean values and

standard deviations calculated for the data collected from each

patient. Percentage changes in amplitude and latency were

calculated by comparing the values of latency and amplitude

against those of baseline. Criteria for indicating possible spinal

cord injury were a 10% increase in latency or a 50% decrease

in amplitude. If an abnormal SEP occurred, SEP monitoring

would be repeated two or three times to verify the abnormal-

ity. If the SEP returned to normal in 15 minutes, the change

was defined as transient and not indicating spinal cord injury.

If the abnormal SEP was persistent, the surgical procedure

was halted, changes that could have affected the SEP signal

(anaesthetic level, blood pressure, core temperature, and so

on) were excluded, and if necessary, the correction applied to

the spinal deformity was reduced or the implant removed.

In addition to the time domain parameters, the peak time,

peak frequency, and peak power of the energy peak in the

time–frequency distribution were also computed. To avoid the

influence of late components in SEP, which may be very vari-

able in intraoperative monitoring, we only measured the

time–frequency distribution of the SEP waveform within 5–80

ms duration of Cz-Fz recordings and within 5–50 ms of Cv-Fz

recordings. The percentage change in these time–frequency

parameters was also calculated. A 10% increase in peak time

was used as the criterion for detecting neurological deficit,

and 30%, 50%, and 70% decreases in peak power were

evaluated as further criteria of potential spinal cord injury

during intraoperative spinal cord monitoring.

The within patient variability of various parameters was

calculated from the ratio of deviation to the mean value, which

was defined as:

Variability = SD/mean × 100%

Comparisons between the time and time–frequency param-

eters were analysed using the paired two sample Student t
test. The changes among different surgical stages were

analysed using one way parametric analysis of variance

(ANOVA).

RESULTS
Figure 1 shows a sample of time–frequency analysis of SEP

recorded during different surgical stages. The time–frequency

distribution of SEP is presented as a two dimensional plot,

with the x axis as time, the y axis as frequency, and the inten-

sity of the time–frequency relation in relative colour. Beneath

each time–frequency plot is shown the time domain waveform

of the SEP. The scale of the intensity index is plotted to the left

of each time–frequency plot.

As fig 1 shows, STFT time–frequency analysis of SEP (Cz)

appears as a peak in a certain space in the time–frequency

distribution, around a midpoint of 42 (3.6) ms and 42 (7.4) Hz

(mean (SD)). The peak for SEP (Cv) is centred at a frequency

of 87 (9.1) Hz and a latency of 34 (3) ms (fig 2). As such, 20 to

330 Hz is usually an optimal frequency band for time–

frequency representation, allowing the main peak of SEP to be

identified easily. If there are no neurological problems, this

peak will remain in the bounds of this space throughout sur-

gery. The peak in time–frequency space is somewhat more

easily identifiable than the waveform in the time domain.

However, locating the central point of the peak is a little diffi-

cult because of the limitation on time resolution in the STFT

algorithm. In fig 2A, the SEP waveform appears to overlap

small noise signal waveforms. Such noise at the onset of SEP

can interfere with the measurement of latency and amplitude,

but this high frequency noise sitting on the SEP waveform

shown in fig 2A is effectively removed by frequency analysis.

Monitoring SEP signals as a time–frequency distribution can

therefore avoid some of the noise and improve the signal to

noise ratio because of dislodgment of high frequency noise in

time–frequency space.
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Three time–frequency variables (peak time, peak power, and

peak frequency) of the SEP signals were measured during

surgery (table 1). Table 1 compares the changes between time

domain parameters and time–frequency parameters of the

SEP at different surgical stages. Neither SEP latency mean

values nor peak time mean values showed any significant

changes over the five stages (p > 0.05 by ANOVA). In contrast,

the SEP amplitudes showed significant differences at the dif-

ferent stages of surgery (p < 0.01 by ANOVA), particularly

between the first two stages. As table 1 shows, the SEP ampli-

tude decreased from stage 1 to stage 2, and then stayed fairly

constant throughout stages 2, 3, and 4. Finally, the amplitude

increased again in stage 5. Peak power of the SEP through

these five surgical stages showed more stability than

amplitude. Table 1 also shows the variability of peak frequency

at the different surgical stages. No significant change in the

peak frequency was seen during any of the stages (p < 0.01,

by ANOVA).

To evaluate the criteria chosen as possible warning levels for

monitoring, the changes in various parameters at different

stages versus the baseline values were observed. One patient

showed an abnormal latency increase in SEP (Cz) during left

side stimulation as well as an abnormal peak time delay.

Another patient showed an abnormal peak time delay in SEP

(Cv). Four patients showed more than 50% amplitude

decrease in SEP (Cz), while three showed more than 50%

amplitude decrease in SEP (Cv). All the abnormal changes in

SEP persisted for 45 minutes to 1.5 hours during surgery and

were finally traced to a false positive output. However, the

peak power of these patients remained stable and decreased to

less than 50% of baseline, in spite of the lower SEP amplitude.

Despite these abnormal SEP signals, none of the patients in

this series showed any neurological deficit at any stage

following surgery. Table 2 shows the specificity of spinal cord

monitoring using the different parameters.

To evaluate the stability of various time domain and time–

frequency domain parameters for intraoperative spinal cord

monitoring, the within patient variability of these variables

was calculated (table 3). Within patient variability of SEP

latencies was relatively small, whereas that of the amplitudes

was significantly larger. Peak time showed more variability

than the latency (p < 0.01 by t test); however, peak power

Figure 1 A sample of somatosensory evoked potentials (SEP) from
Cz′-Fz in a series of plots recorded at different stages of surgery:
(A) preoperative; (B) spine exposure; (C) instrumentation loading;
(D) deformity correction; and (E) wound closure. Each plot includes a
time–frequency plot (upper graph) and a time domain P37/N45
waveform (lower graph). The initial negative and positive waves of
the SEP were measured. On the right side of TFA graph, the
time–frequency analysis values for peak power, peak time, and peak
frequency are printed with the appropriate units labelled, while the
values for latency and amplitude are similarly given to the right of
the time domain waveform.
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showed significantly lower variability than amplitude

(p < 0.01 by t test).

DISCUSSION
Hitherto, intraoperative SEP monitoring has mainly depended

on time domain measurements of the latency and amplitude

in the initial response peak. Under clinical conditions, SEP

signals are usually accompanied by numerous noise signals

from the patient and the environment.2 For example, the cor-

tical peaks are often modulated by slow waves, which may

result in apparent reductions or increases in amplitude,

depending on the position of the peak relative to the ascend-

ing or descending part of the slow wave. Even with averaging

signal enhancement, identification of SEP peaks is sometimes

not an easy task and often requires trained personnel.1 6 False

outcomes in SEP monitoring are probably caused by

interpretation of technically unsatisfactory recordings.1 13 14

Some false monitoring outcomes reflect contaminated SEP

signals.3

Time–frequency analysis can separate the useful infor-

mation from noise in time–frequency space so as to avoid the

variability caused by noise. Our results show that the SEP sig-

nal presents as a single and definite component in time–

frequency space. This time–frequency component was found

to remain stable during surgery if there were no changes in

neurological function. Identification of the SEP peak in time–

frequency distributions is therefore simple and convenient.

Peak power was found to be a much more stable variable for

spinal cord monitoring than amplitude, which suggests that

the former is a valuable adjunct to time domain amplitude

measurement.

As a response to external stimulation, SEP reflects nervous

activity along a certain pathway.15 Thus SEP signals consist of

specific frequency components of finite magnitude which

change with time.9 10 Previous studies have found that SEP

signals consist of definite power spectra components which

are located around a stable centre frequency.5 9 11 16 17 In our

study, we found that normal SEP during surgery always

appear at a distinct and stable time–frequency location.

Time–frequency analysis of SEP is also advantageous in

that it represents the features of a complete waveform, not

only the initial curve or peak. In addition to the usually

Figure 2 A sample of somatosensory evoked potentials (SEP) from
Cv-Fz in a series of plots recorded at different stages of surgery: (A)
preoperative; (B) spine exposure; (C) instrumentation loading; (D)
deformity correction; and (E) wound closure. Each plot includes a
time–frequency plot (upper graph) and a time domain N30/P35
waveform (lower graph). The initial negative and positive waves of
the SEP were measured. On the right side of TFA graph,
time–frequency analysis values for peak power, peak time, and peak
frequency are printed with the appropriate units labelled, while the
values for latency and amplitude are similarly given to the right of
the time domain waveform.
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measured initial peak of the SEP signal, there are various sub-

waves that contain information on nervous system

function.16 18 19 Rossini et al found that the subcomponents of

SEP waveforms were well defined and stable on frequency

analysis and concluded that this might be a clinically useful

procedure.20 The use of the entire waveform in calculations of

peak power may explain its stability in comparison with

amplitude, which relies on the height of one peak in the

waveform.

In this study, the three variables measured in the

time–frequency domain were peak power, peak time, and peak

frequency. The first two are in theory related to the time

domain parameters of amplitude and latency. Peak frequency

indicates the morphological changes in waveform. If the SEP

waveform changes, the relative peak in the time–frequency

distribution may shift in frequency. The results of this study

do not show any trend in the peak frequency changes, but in

previous studies it has been noted that peak frequency falls

when spinal cord injury occurs.7 9 In our study we did not find

a significant difference between the changes in peak time and

latency (p > 0.05 by t test). However, the low time resolution
in time–frequency analysis was a limitation preventing accu-
rate peak time measurement. Peak power reflects the energy of
the SEP signal, which is likely to be correlated with the level of
neurological activity. The peak power is located in a certain
time–frequency space, and as such will not be affected by
noise outside that space. In contrast to amplitude measure-
ments, peak power represents the energy of the waveform in
the selected window, which consists not only of the initial
peak but also of the subsequent waveform. Thus peak power
may be a more valuable measure than amplitude in determin-
ing changes in spinal cord function.

As time–frequency parameters have not been applied to
spinal cord monitoring, no criteria have been developed for
when a warning should be given. Establishment of these cri-
teria is critical in determining the effectiveness of variables
used in detecting potential spinal cord injury. A 50% decrease
in peak power is not equivalent to a 50% decrease in
amplitude, and vice versa, as standard signal power is related
to the square of amplitude. Peak power is used in time–
frequency analysis because signal energies are represented
within a specific time and frequency range, whereas ampli-
tude represents a scalar parameter based on the dominant
peak of the time domain waveform. From the results of the
present study (table 2), a 30% decrease in peak power appears
to be a rigorous criterion that may provide high sensitivity but
low specificity, and could therefore create false positive warn-
ings during surgery. A 70% decrease in peak power may result
in lower sensitivity than either a 50% or a 30% decrease, and
therefore we recommend a 50% decrease in peak power as the
criterion for intraoperative spinal cord monitoring.

The change in peak frequency may be influenced by
interference with similar spectral characteristics as with the
SEP signal. The shifts in the peak frequency that occur with
injury, and the relative monitoring criteria, should be subject
to study in greater detail, as it seems that a 10% or greater shift
in peak frequency may not be an indicator of spinal cord
injury. However, these warning criteria for time–frequency
variables are simply initial recommendations based on a few
clinical cases. It should be noted that the signal to noise ratio
is still a limiting factor in applying time–frequency analysis to
SEP. SEP recorded with a poor signal to noise ratio may result
in a false time–frequency analysis.

There are various algorithms for time–frequency analysis.
Short time Fourier transform (STFT), Cohen’s class time–
frequency analysis, and wavelet transform based time–
frequency analysis are all commonly used methods. We used
STFT as the prototype in the present study as it is a
fundamental method and an extremely powerful tool in many
areas. Its interpretation is also easy to understand in both time

Table 1 Variability of SEP amplitude/latency and time-frequency parameters in
different surgical stages

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Average

(A) Variability of SEP amplitude/latency
Amplitude SEP (Cz) 1.2 (0.46) 0.95 (0.47) 0.92 (0.41) 1.03 (0.55) 1.13 (0.70) 0.99 (0.38)

SEP (Cv) 1.51 (0.50) 1.35 (0.46) 1.36 (0.47) 1.35 (0.46) 1.49 (0.40) 1.39 (0.39)
Latency SEP (Cz) 36.8 (2.1) 36.9 (2.7) 36.9 (2.1) 36.9 (3.0) 36.9 (2.8) 36.8 (2.5)

SEP (Cv) 26.6 (1.7) 26.7 (1.9) 26.7 (2.1) 26.7 (1.8) 26.6 (1.9) 26.7 (1.4)

(B) Variability of time–frequency parameters
Peak time SEP (Cz) 40.8 (1.3) 40.8 (3.1) 40.8 (3.9) 40.9 (4.1) 40.8 (2.8) 40.8 (1.6)

SEP (Cv) 29.4 (1.5) 29.5 (1.8) 29.5 (1.8) 29.5 (1.8) 29.5 (1.8) 29.5 (1.5)
Peak power SEP (Cz) 1.04 (0.56) 1.06 (0.54) 0.99 (0.50) 1.01 (0.47) 1.04 (0.60) 1.03 (0.16)

SEP (Cv) 1.36 (0.46) 1.32 (0.41) 1.33 (0.46) 1.37 (0.43) 1.38 (0.42) 1.35 (0.13)
Peak
frequency

SEP (Cz) 44.6 (5.9) 44.2 (5.1) 44.2 (3.4) 45.8 (6.6) 44.3 (2.8) 44.6 (2.2)
SEP (Cv) 81.5 (5.8) 81.3 (7.2) 81.0 (5.9) 81.0 (6.8) 81.2 (7.5) 81.2 (1.4)

Variables are given as mean (SD).
Stages: 1, preoperation; 2, spine exposure; 3, instrumentation loading (insertion of hooks, wires, screws,
etc); 4, deformity correction; 5, wound closure (see text for fuller description).

Table 2 Specificities of somatosensory evoked
potential (SEP) monitoring by different parameter
measurements

Specificity

Parameter SEP (Cz) SEP (Cv)

Latency longer >10% 97% 100%
Peak time longer >10% 97% 97%
Amplitude decrease >50% 88% 91%
Peak power decrease >30% 91% 100%
Peak power decrease >50% 100% 100%
Peak power decrease >70% 100% 100%

Table 3 Within patient variability of time and
frequency parameters of somatosensory evoked
potentials (SEP)

Percentage variability

Amplitude Latency
Peak
time

Peak
power

Peak
frequency

SEP (Cz) 27.0% 1.4% 3.4% 9.5% 4.6%
SEP (Cv) 21.0% 1.3% 2.9% 9.5% 1.7%

86 Hu, Luk, Lu, et al

www.jnnp.com

http://jnnp.bmj.com


and frequency domains. However, applying STFT to SEP

results in poor resolution because of the shorter time course in

the waveform analysis. To improve time and frequency resolu-

tion, several bilinear transforms are available for consideration

and comparison in further investigations.

Time–frequency analysis of SEP signals shows a single peak

in a certain time–frequency space, which is easily identified

and measured. The maximum power of the selected peak can

be computed automatically. Application of time–frequency

SEP analysis may decrease false positive monitoring outcomes

but the possibility of false negative outcomes may increase. In

a previous experimental study,9 there was a lower false nega-

tive rate in time–frequency analysis of SEP for spinal cord

monitoring. However, clinical validation on large series of

operated patients is necessary for further confirmation. Time–

frequency analysis of SEP could then be a useful and relevant

form of intraoperative monitoring to detect possible neuro-

logical injury.

Conclusions
Normal SEP signals appear to occupy a limited proportion of

the time–frequency field, and changes in their location have

been shown to be useful aids for intraoperative spinal cord

monitoring. Peak time was sometimes found to be of too low

resolution for practical use in intraoperative spinal cord moni-

toring, but may be a more useful variable with other types of

time–frequency analysis algorithm than STFT. Peak frequency

seems to be the major component of the signal. A stable peak

frequency should be found in time–frequency analysis of SEP

in a particular patient, but the location of this peak will be

variable between patients. A shift in peak frequency for a par-

ticular patient could, however, be a good predictor of an unre-

liable trial, a low signal to noise ratio, or spinal cord injury.

Peak power of the SEP has been shown to be a more reliable

indicator of spinal cord function than amplitude. When moni-

toring shows an abnormal SEP signal during surgery, SEP

peak power could be another reliable way of determining pos-

sible neurological damage.

Time–frequency analysis of the SEP seems to have more

merit than time domain measurement in monitoring the spi-

nal cord during scoliosis surgery. The application of time–

frequency analysis to SEP monitoring allows easy identifica-

tion of variables that can be shown to be more reliable than

those in the time domain. In conclusion, our study showed the

value and applicability of time–frequency analysis to SEP

monitoring, and its validity as an adjunct to conventional

latency–amplitude measurements of SEP to improve the reli-

ability of intraoperative spinal cord monitoring.
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